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Embryo movement and muscle contraction affect joint formation, but their precise roles have remained
elusive. In this issue of Developmental Cell, Joy Kahn and coworkers now demonstrate that these processes
are essential for joint formation. They find that joint progenitor cells are unable to remain committed to their
specified cell fate in mutant mice with defects in either muscle formation or contraction.
Three kinds of joints separate and articu-
late adjacent bones: fibrous joints, exem-
plified by the sutures between skull bones;
fibrocartilaginous joints, typified by the
intervertebraldiscs in thevertebral column;
and synovial joints in the appendicular
skeleton. Fibrocartilaginous joints in the
vertebral column and, to a much larger
extent, synovial joints in limbs allowmove-
mentofonebone relative toanother.These
movements are controlled by the skeletal
muscles that attach to these bones. Both
types of joints also act as buffers against
shocks produced by a variety of physical
exercises. Mature synovial joints have a
unique structure that consists, in addition
to synovial fluid, of articular cartilages, liga-
ments, and a fibrous capsule. Continuous
lubrication by synovial fluid within the
capsule assures the smooth motion of
these joints.
During embryonic development the
different bones from the appendicular
skeleton arise initially from single rods of
condensed mesenchymal cells, which
subsequently segment indistinct elements
that will be separated by synovial joints. At
sites of future synovial joints, specification
of progenitor cells is first marked by an
increase in Wnt/b-catenin signaling, acti-
vation of the Tgf-b superfamily member
Gdf5 (Storm and Kingsley, 1999), and a
decrease in expression of early chondro-
genic markers including the transcription
factor Sox9 and its target gene Col2a1.
Subsequently expression of Sox9 and
Col2a1 ceases and a joint interzone forms
that showsdenselypacked,flattenedcells.
Canonical Wnt signaling that leads to the
translocation of b-catenin into nuclei and
the resulting activation of TCF/LEF target
genes is essential for progenitor cells to
form joints and to prevent these cells
from differentiating into chondrocytes
(Hartmann and Tabin, 2001). However,
what regulates the Wnt signals in this
process is so far unclear.
Embryomovementandmusclecontrac-
tion have long been known to play a role
in joint development. Indeed, the absence
of muscle contraction in chemically para-
lyzed chicken or mouse embryos inhibits
joint formation. But the mechanism by
which this muscle paralysis causes a
failure of joint formation has not been
elucidated. It is noteworthy that embryo
movement, myogenesis, and joint forma-
tion begin at similar stages of embryo
development.
In this issue of Developmental Cell,
Kahn et al. (2009) use a genetic approach
to clarify this mechanism by demon-
strating the essential role ofmuscle forma-
tion and contraction in joint formation. In
their work they have used three different
muscleless mutant mice and one excita-
tion-contraction (E-C)-coupling-deficient
mouse. The transcription factor, paired
box 3 (Pax3), is essential for neural crest
cells to form limb muscle. Two other tran-
scription factors, Six1 and Six4, regulate
the expressions of Pax3 andMrf4. Finally,
MyoD and its close family members
Myf5 and Mrf4 are essential proteins for
the differentiation of skeletal myoblasts.
Therefore Six1/Six4/ double KO
mice (Grifone et al., 2005), Pax3-deficient
mutant mice (Franz et al., 1993), and
MyoD/Myf5m/Mrf4/ triple KOmice
(Rudnicki et al., 1993) are all defective
in muscle formation. In E-C-coupling-
deficient mice a mutant component of
a Ca2+ channel complex causes a disrup-
tion of signals from the nervous system to
the muscle, resulting in a severe defi-
ciency of muscle contraction.
The authors first noted that in late stage
embryoswhen joint formation iscompleted
themuscleless and the E-C-coupling-defi-
cient mutants showed a loss of specific
joint formation. In order to find at which
stage a defective development occurred,
earlier embryos in muscleless mutant
were examined. In both wild-type and
mutant embryos, the cells at the presump-
tive joint sites expressed simultaneously
the joint-specific marker Gdf5 as well as
the chondrogenic markers Sox9 and
Col2a1. Oneday later inwild-type embryos
joint cells expressing Gdf5 were adjacent
but clearly separated fromcells expressing
Col2a1. In contrast, in mutant embryos
of the same age cells in the presumptive
joints showed coexpression of both these
markers.
In addition, in these mutant embryos
nuclear b-catenin activity was decreased
compared to that of wild-type embryos.
The results of these experiments sug-
gested that the mutant joint progenitor
cells were specified in the early embryos
because these cells did express the joint-
specific marker Gdf5, but that these cells
were not able tomaintain this commitment
thereafter. These results also suggested
that muscle formation and contraction
are involved in the regulation of the activity
of Wnt/b-catenin signaling. One can
hypothesize that the persistence of Sox9
in the mutant joint cells is directly linked
to the lower levels of canonical Wnt
signaling since an inverse relationship
between the levels of Sox9 and b-catenin
has previously been shown (Akiyama
et al., 2004; Day et al., 2005; Hill et al.,
2005; Hu et al., 2005). Similar results
were also obtained when the joint progen-
itor cells of the E-C-coupling-deficient
mice were analyzed (Figure 1).
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However, not all synovial joints were
affected in these mutant mice. For
example, in forelimbs, defective joints
were seen in theelbow, in thehumeroradial
and humeroulnar articulations, and in the
shoulder between humerus and scapula;
in hindlimbs between the talus and calca-
neus, but not in knee or digit joints. It
appears that during the development of
synovial joints that are not affected by
muscle formation and contraction in
mutant mice, the levels of nuclear b-cate-
nin are not decreased, providing an addi-
tional argument that canonical b-catenin
signaling is likely to be a critical media-
tor in the role of muscle formation and
contraction in joint formation. Other sig-
naling molecules have previously been
shown toalsodifferentially affect thedevel-
opment of a subgroup of discrete joints.
Thus the genetic experiments of Joy
Kahn et al. provide evidence that muscle
formation and contraction have an essen-
tial function in the formation of several
synovial joints and that Wnt/b-catenin
signaling has a likely role in this process.
What still remains to be elucidated is
the specific mechanism whereby muscle
contraction controls the levels of Wnt/
b-catenin signaling in adjacent joints.
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Figure 1. Model Illustrating the Effect of Skeletal Muscle Formation and Contraction on
Joint Formation
Six1/Six4, Pax3, and Mrf4/MyoD/Myf5 are essential for muscle formation. E-C coupling is essential for
skeletal muscle contraction. Therefore Six1/Six4/ double null mutants, Mrf4/MyoD/Myf5/
triple null mutants, and Pax3-deficient mice cannot form muscle and the E-C-coupling-deficient mice
are unable to contract skeletal muscles. Joint progenitor cells, which originate from condensed mesen-
chymal cells, express Gdf5 and Wnt9a, show high levels of Wnt/b-catenin activity and reduced Sox9
and Col2a1 expression. At a subsequent step these cells continue to express high levels of Gdf5 and
Wnt9a and show high levels of Wnt/b-catenin activity, but cease to express Sox9 and Col2a1. The failure
of muscle formation or contraction leads to a decrease in b-catenin nuclear activity and the persistence of
Sox9 andCol2a1 expression. This causes the progenitor cells to lose their ability to maintain their commit-
ment to the joint-specific cell fate. As a result joint formation fails to occur.
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